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As a result of nuclear accidents and weapons tests, the radionuclides Cs-137 and Sr-90 are common
contaminants in aquatic ecosystems. Concentration ratios (CR) based on concentrations of stable Cs and
Sr in biota and media are used for the estimation of transfer of their radioisotopes for radiation dose
calculations in environmental and human safety assessments. Available element-speciﬁc CRs vary by
over an order of magnitude for similar organisms, thus affecting the dose estimates proportionally. The
variation could be reduced if they were based on a better understanding of the inﬂuence of the un-
derlying data and how that affects accumulation and potential biomagniﬁcation of stable Cs and Sr in
aquatic organisms. For ﬁsh, relationships have been identiﬁed between water concentrations of K and CR
of Cs-137, and between water concentrations of Ca and CR of Sr-90. This has not been conﬁrmed for
stable Cs and Sr in European waters. In this study, we analysed an existing dataset for stable Cs and Sr, as
well as K and Ca, in four Swedish lakes and three Baltic Sea coastal areas, in order to understand the
behaviour of these elements and their radioisotopes in these ecosystems. We found signiﬁcant seasonal
variations in the water concentrations of Cs, Sr, K and Ca, and in electrical conductivity (EC), especially in
the lakes. CR values based on measurements taken at single or few time points may, therefore, be
inaccurate or introduce unnecessarily large variation into risk assessments. Instead, we recommend
incorporating information about the underlying variation in water concentrations into the CR calcula-
tions, for example by using the variation of the mean. The inverse relationships between ﬁsh CRCs
e[K]water and ﬁsh CRSre[Ca]water, conﬁrmed that stable Cs and Sr follow the same trends as their ra-
dioisotopes. Thus, they can be used as proxies when radioisotope data are lacking. EC was also strongly
correlated with K and Ca concentrations in the water and could potentially be used as a quick and cost-
effective method to estimate water chemistry to obtain less variable CR. We also recommend some
simple improvements to data collection that would greatly enhance our ability to understand Cs and Sr
uptake by ﬁsh.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The radioisotopes Cs-137 and Sr-90 are two of the most
important radionuclide contaminants in the aquatic environment,
originatingmainly fromnuclear accidents (e.g. Chernobyl,1986 and
Fukushima, 2011) and in fallout from nuclear weapons tests. These
radionuclides can present a signiﬁcant radiological risknovalenko), clare.bradshaw@
sson), dennis.lindqvist@aces.
).
r Ltd. This is an open access articl(Steinhauser et al., 2013), as they are quite mobile and persistent in
the environment due to their long half-lives (30.2 y for Cs-137 and
28.8 y for Sr-90), and are readily accumulated by organisms. Cs-137
may also biomagnify in the food chain (Kryshev and Ryabov, 2000;
Pinder et al., 2014; Rowan et al., 1998; Zhao et al., 2001). These
isotopes have, therefore, been the focus of many monitoring pro-
grammes and research studies in contaminated areas. For example,
much attention has been paid to the analysis of accumulation of Sr-
90 and Cs-137 in ﬁsh and other organisms in Russian (Fesenko et al.,
2011), Ukrainian and Belorussian (Sansone and Voitsekhovitch,
1996), Swedish (Håkanson, 1992) and Finnish (Outola et al., 2009;
Saxen and Koskelainen, 2002) lakes after the Chernobyl accident.e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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deﬁne the concentration of radionuclides in non-human biota and
to subsequently estimate radiation dose to organisms or humans
(IAEA, 2014). For aquatic organisms, CR is usually deﬁned as the
ratio between the radionuclide concentration in the whole organ-
ism and the concentration in the surrounding water. For ﬁsh CRs,
concentrations in the ﬁsh muscle are often used, since these are the
parts most often consumed by humans (Yankovich et al., 2010) and,
therefore, of most interest to subsequent human risk assessments.
For environmental risk assessment, CRmuscle values can be con-
verted to CRwhole organism using conversion coefﬁcients (Yankovich
et al., 2010). This conversion can be especially important for some
elements/radionuclides, e.g. Sr and Sr-90, that accumulate in tis-
sues other than muscle. The CR deﬁnition assumes that the radio-
nuclide in the organism is in equilibrium with its surrounding
media, though in reality concentrations of radionuclides in the
environment and in organisms usually vary in a dynamic way
(Vives i Batlle et al., 2016). Risk assessors often have access to only
limited measurements from their site of interest and often need to
use literature data or extrapolation methods to obtain CRs (Avila
et al., 2013; Beresford et al., 2016). Despite the large number of Cs
and Sr studies, temporal variation is rarely measured or taken into
account, so its importance as a source of variability in CR estimates
and for risk assessment is poorly understood.
When assessing the potential fate of Cs-137 and Sr-90 in areas
that are not contaminated, for example, for risk assessments at
planned nuclear facilities, it may be more practical to measure
levels of their stable isotopes, since activity concentrations of the
radionuclides may be below the detection limit in these areas. An
additional advantage is that stable element analysesmay be carried
out by methods such as mass spectrometry that can provide con-
centration data for many elements from one analysis (e.g. Barnett
et al., 2014; Bradshaw et al., 2012). Stable elements are increas-
ingly used for the prediction of radionuclide transfer in environ-
mental safety assessment models (Avila et al., 2013; Beresford et al.,
2013; Bergstr€om et al., 1999; IAEA, 2010, 1985; Howard et al., 2013;
Wood et al., 2013), since the behaviour of stable elements and their
corresponding radionuclides are assumed to be similar in the
environment if they are in the same physico-chemical forms. Up-
take by organisms, including potential biomagniﬁcation, is also
assumed to be similar. However, these assumptions have rarely
been tested (Barnett et al., 2014). In addition, the majority of stable
element CR values for aquatic fauna are mainly from North Amer-
ican sites (Rowan and Rasmussen, 1994; Yankovich et al., 2010;
Vanderploeg et al., 1975) and there is a lack of publications on
the accumulation of stable Sr and Cs from European lakes and
brackish waters, such as the Baltic Sea.
Another way to calculate site-speciﬁc Cs-137 and Sr-90 CRs in
ﬁsh is using empirical equations together with measurements of
stable K and Ca concentrations in water. K and Ca are essential
biological macroelements and behave similarly in biological tissues
to Cs and Sr, respectively. Thus, in cells, Cs follows the K uptake
mechanism (Smith et al., 2000) and Sr follows the Ca uptake
mechanism (Kryshev, 2006; Outola et al., 2009), with the pairs of
ions competing for uptake sites on biological membranes (Van
Leeuwen and K€oster, 2004). Cs-137, therefore, tends to accumu-
late in K-rich tissues, such as muscle; soft tissues account for up to
99% and bones 1e2% of the total amount of Cs-137 in ﬁsh (Fesenko
et al., 2011; Tagami and Uchida, 2011; Voitsekhovitch, 1998;
Yankovich et al., 2010; Yankovich, 2009). Likewise, due to similar
bioaccumulation to Ca, around 95% of Sr-90 is found in the ﬁsh
skeleton, scales and ﬁns, and only 2e5% is in muscles (Saxen and
Koskelainen, 2002; Vanderploeg et al., 1975). The inﬂuence of K
on Cs-137 accumulation in ﬁsh is conﬁrmed by laboratory studies in
which radiocaesium uptake rates were studied as a function ofincreasing K concentration in water (Gil Corisco and Vaz Carreiro,
1997). Smith et al. (2002) have used a large set of empirical data
derived from nine European lakes and conﬁrmed that CR of Cs-137
for ﬁsh is inversely proportional to potassium [Kþ] concentration of
the different lakes. Addition of K to Cs-137 contaminated lakes has
also been proposed as a remediation method to reduce Cs-137
uptake by ﬁsh. Field trials in two lakes polluted by Cs-137 after
the Chernobyl accident have shown that the addition of potassium
chloride to the lake water resulted in a decrease in activity con-
centration of Cs-137 to approximately 40% of pre-countermeasure
values in a number of different ﬁsh species (Smith et al., 2003).
In present study, we used a previously unanalysed dataset for
stable Sr and Cs in order to better understand the behaviour of
these elements and their radioisotopes in freshwater and brackish
water ecosystems, with the overall aim of improving the use of such
data in radioecological risk assessments. The objectives were:
o to explore natural variation in the concentrations of Ca, K, Sr
and Cs in the water and the implications of this for estimation of
CRSr and CRCs for freshwater and brackish-water ﬁsh;
o to test whether the previously reported inverse relation be-
tween the concentration of Ca in water and CRSr90 in ﬁsh, and
the similar inverse relation between [K] inwater and CRCs137 in
ﬁsh, hold for this stable element dataset and, thus, evaluate
whether concentrations of Ca and K in water could be used to
predict Sr and Cs concentrations in ﬁsh;
o to evaluate if water pH and electrical conductivity (EC)
correlate with ﬁsh CR values of Sr and Cs; and
o to examine whether piscivorous ﬁsh accumulate more Sr and
Cs than non-piscivorous ﬁsh, and if biomagniﬁcation occurs.2. Materials and methods
2.1. Study sites
Data were obtained from four lakes and three coastal areas in
the central-east and south-east part of Sweden (Fig. 1). The sites
have been intensively studied as part of the investigations and risk
assessments by the Swedish Nuclear Fuel and Waste Management
Co. (SKB) in the Forsmark and Laxemar-Simpevarp areas during the
selection of a site for a future radioactive waste repository for spent
nuclear fuel (Lindborg et al., 2006). There is no signiﬁcant anthro-
pogenic radioactive contamination at the sites (Roos et al., 2007;
Grolander and Roos, 2009). The concentration of radioactive iso-
topes Sr-90 and Cs-137 were mainly below the detection limit in
biota, water and sediment samples.
Three of the lakes (Bolundsfj€arden, Eckarfj€arden and Fis-
karfj€arden) in the Forsmark area (Fig. 1a) are shallow oligotrophic
hardwater lakes, and have recently emerged from the Baltic Sea due
to post-glacial shoreline displacement (Brunberg and Blomqvist,
2003; Hedenstr€om and Risberg, 2003; Sonesten, 2005). The
fourth lake, Frisksj€on, is in the Laxemar-Simpevarp area (Fig. 1b).
Detailed descriptions of these lakes are available in Andersson
(2010), and a summary of the morphological characteristics of the
lakes is presented in Table 1.
The three coastal sites are all in the brackish water Baltic Sea;
one open water coastal site at Forsmark, one in the more enclosed
Borholmsfj€arden Bay at Laxemar-Simpevarp and one open water
site at Laxemar-Simpevarp. Salinity at these three sites is approxi-
mately 5.2 psm (Aquilonius, 2010; Kumblad and Bradshaw, 2008),
5.5 psm (Kenczek and Sunesson, 2006) and 6.8 psm (Aquilonius,
2010), respectively.
Fig. 1. Map of the sampling sites of ﬁsh (1f-8f) and sea water (1w-10w) in the
Laxemar-Simpevarp (a) and Forsmark (b) coastal areas of the Baltic Sea. Samples codes
relate to Table 2.
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Water and ﬁsh samples were collected during 2002e2008 at 7
sites (Table 2, Fig. 1 a, b). The time of sampling and reference to data
source are presented in Table 2. For traceability, the ID codes used in
the original data source (SKB ‘SICADA’ database and subsequent
SKB reports; Andersson, 2010; Engdahl et al., 2006; Hannu andTable 1
Morphological parameters of the study lakes in Forsmark and Laxemar (Andersson, 2010
Lake Surface area (km2) Max depth (m) Mean depth (m)
Forsmark area
Bolundsfj€arden 0.61 1.8 0.8
Eckarfj€arden 0.28 2.1 1.2
Fiskarfj€arden 0.75 1.9 0.5
Laxemar area
Frisksj€on 0.13 2.8 2Karlsson, 2006; Kumblad and Bradshaw, 2008; Tr€ojbom and
Norden, 2010; Tr€ojbom and S€oderb€ack, 2006) of all samples are
provided in Table 1 of the Appendix.2.2.1. Water samples
The water was sampled with acid-rinsed and metal-free
equipment, and the samples were collected such that they were
distributed proportionally in the water column. The water was
collected in 25 L, high-density polyethylene drums, and pH and
electrical conductivity (EC) were measured in the ﬁeld. The water
was ﬁltered through 0.22 mm membrane ﬁlters before chemical
analysis using inductively coupled plasma sector ﬁeld mass spec-
trometry (ICP-SFMS). About 75 elements (the number varied be-
tween samples), including Ca, K, Sr and Cs, were measured
(Engdahl et al., 2008). Linear correlations between water concen-
trations of Ca, K, Sr and Cs were investigated and the Pearson's
correlation coefﬁcients, r, were determined in this study.2.2.2. Fish samples
For all 7 study sites, the available measurements of Cs and Sr
concentrations in ﬁsh were extracted for analysis from SKB's
‘SICADA’ database. Since the ﬁsh samples were not originally
collected for the purposes of this paper, data were not as complete
as could be wished; for example, more species at each site, more
sampling times and information about ﬁsh size would have been
desirable. However, the dataset was still complete enough for a
meaningful analysis.
In some cases, several ﬁsh samples were pooled together
(Table 4) in order to obtain a sufﬁcient amount of sample to analyse
rare elements for another study (Bradshaw et al., 2012; Kumblad
and Bradshaw, 2008), some of which were present at even lower
concentration than Cs or Sr. In the case of the Forsmark ﬁsh, slices of
the central part of the ﬁsh, comprising mostly muscle, were ana-
lysed (Kumblad and Bradshaw, 2008). For all other ﬁsh, muscle
tissues were analysed (Engdahl et al., 2006; Hannu and Karlsson,
2006). The ﬁsh samples were freeze dried and then digested in a
microwave oven with nitric acid (HNO3) and a small amount of
hydroﬂuoric acid (HF) in a closed Teﬂon vessel (Engdahl et al.,
2006). Stable element analysis was performed using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).
For each site, the ﬁsh species were categorized as piscivorous or
non-piscivorous, depending on the ﬁsh species sampled. Three ﬁsh
species were considered as piscivorous: pike (Esox lucius), perch
(Perca ﬂuviatilis) and smelt (Osmerus eperlanus), and 7 as non-
piscivorous: roach (Rutilus rutilus), tench (Tinca tinca), ruffe (Gym-
nocephalus cernuus), bleak (Alburnus alburnus), herring (Clupea
harengus), bream (Abramis brama) and ﬂounder (Platichthys ﬂesus).
Due to the brackish nature of the Baltic Sea, both freshwater and
marine species are found in the coastal areas. For clarity, ﬁsh found
in these areas are referred to as ‘coastal’. Likewise, ﬁsh sampled in
the lakes are referred to as ‘lake’ ﬁsh rather than freshwater ﬁsh,
since the latter also occur in the coastal areas.).
Retention time (days) Max length (m) Max width (m) Volume (m3)
77 1059 878 324,000
328 755 393 226,000
155 1370 555 190,000
264 705 248 200,000
Table 2
Location and dates of water and ﬁsh samples used in this study. Sample codes refer to the map in (Fig.1). For every study site, CR for a given ﬁsh species was calculated using an
average (and SD) of all ﬁsh data from the time period in column 5 (see Table 4) and an average (and SD) of all water data from the time period in column 2 (see Table 3).
Site Sampling period of water sample Water sample codea Water ref Sampling period of ﬁsh sample Fish sample codea Fish ref
Lake
Eckarfj€arden 2002.03e2008.04 1w A, C 2005.12.02e2006.01.27 1f D
Bolundsfj€arden 2002.04e2006.01 2w A, C 2005.12.02e2006.01.27 2f D
Fiskarfj€arden 2002.03e2004.12 3w A 2005.12.02e2006.01.27 3f D
Frisksj€on 2002.11e2008.10 4w C 2006.09.26e2006.12.01 4f E
Marine
Forsmark coast 2002.05e2004.06 5w A 2005.04.11e2005.04.20 5f F
2002.05e2008.04 6w C 2005.04.11e2005.04.20 6f F
Simpevarp Borholmsfj€arden 2005.05e2008.04 7w C 2006.09.25e2006.12.01 7f E
2002.10e2005.03 8w B
Simpevarp coast 2002.10e2004.12 9w B 2006.09.25e2006.12.01 8f E
10w B
A-(Sonesten, 2005), B-(Tr€ojbom and S€oderb€ack, 2006), C-(Engdahl et al., 2008), D-(Hannu and Karlsson, 2006), E-(Engdahl et al., 2006), F-(Kumblad and Bradshaw, 2008).
a ID codes for each sample in the original database are given in the Appendix.
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The ﬁsh-water concentration ratios, CRﬁsh, were calculated from
ﬁsh and water stable element concentration data that were from
the same study site (Fig.1, Table 2). For the four lakes, this water and
ﬁsh samples were taken within a few hundred metres of each
other; for the three coastal sites, they were taken a maximum of
3 km from each other. Fish data were selected from a narrow
timespan (maximum 2 months; Table 2) while still providing suf-
ﬁcient data. Water data were chosen to cover a time period that
reﬂected natural seasonal variation, preferably from within 2e3
years of, and overlapping, the ﬁsh data (Table 2). We took this
approach, rather than selecting pairs of ﬁsh/water data from the
same sampling occasions, in order to incorporate temporal varia-
tion into the calculated value and to maximise the amount of data
that could be used. The uncertainty arising from this method was
quantiﬁed by calculating the standard deviation of CRﬁsh. Even
CRﬁsh calculated from paired data have a measure of uncertainty,
since they are a snapshot in time; ﬁsh tissue concentrations do not
reﬂect the water concentrations at a given time point, but rather
integrate environmental concentrations that the ﬁsh have been
exposed to over the previous months, or even years.
The mean CRﬁsh is deﬁned, in this study, as the ratio of the mean
element concentration in themuscle tissue of ﬁsh relative to that in
ﬁltered water:
CRfishðL=kg wwÞ ¼ Cfish
.
Cw ¼ ðkg=kg wwÞ=ðkg=LÞ;
where Cfish is the mean element concentration per unit mass kg
fresh weight (fw) of muscle tissue for each ﬁsh species (kg/kg fw)
obtained at each study site and Cw is the mean value of the dis-
solved element concentration in water (kg/L) for each study site.
The standard deviation (SD) of the calculated concentration
ratio for ﬁsh CRfishSD was calculated as:
CRfishSD ¼ CRfish$
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ0
@ CfishSD
Cfish
!2
þ

CwSD
Cw
21A
vuuut ;
where CfishSD is the SD of the mean ﬁsh concentration and CwSD is
SD of the mean water concentration. From the calculated weighted
arithmetic mean and SD, approximate estimates of the geometric
mean (GM) and geometric mean standard deviation (GMSD) were
calculated (IAEA, 2014), when the total number of observation 3.
CRs for piscivorous and non-piscivorous ﬁsh were calculatedseparately for each study site by averaging the CR values for each
feeding type at each site; these CRs were statistically compared
using a one-sided paired t-test, where mean CRs for non-
piscivorous ﬁsh are considered paired with the respective mean
CRs for piscivorous ﬁsh from each of the sites. This comparisonwas
done for the whole data set (lake and coastal ﬁsh) and for lake ﬁsh
alone. There was insufﬁcient data to perform this comparison on
coastal ﬁsh only.2.4. Biomagniﬁcation factor (BMF)
In order to determine if there was biomagniﬁcation of Cs or Sr in
piscivorous ﬁsh, the biomagniﬁcation factor (BMF) for each
element was calculated for each site as the ratio of the element
concentration (mg/kg fw) in muscle of piscivorous ﬁsh to the
element concentration (mg/kg fw) in muscle of non-piscivorous ﬁsh
that were considered as a potential food source at each site. Of the
species for which data were available, pike was assumed to eat
ruffe, roach and tench (http://www.ﬁshbase.org), and perch
assumed to eat roach, bleak and herring (O. Hjerne, pers. comm.).2.5. Relationship between CRﬁsh and water chemistry
In order to quantify the relationship between CRﬁsh and water
chemistry, mathematical equations were ﬁtted to the data to
examine the relationship between CRSr for ﬁsh and either [Ca]
water concentration or EC, and between CRCs for ﬁsh and [K] water
concentration or EC. For Cs, these analyses were also done sepa-
rately for piscivorous and non-piscivorous ﬁsh. Based on plots of
the data and on previous research (Smith et al., 2000; Kryshev,
2006; Outola et al., 2009), inverse relationships described by a
power function in Eq. (1) or an exponential function in Eq. (2) were
ﬁtted:
CRðxÞ ¼ A1$xb1 (1)
CRðxÞ ¼ A2eb2$x (2)
where CR of Cs or Sr for ﬁsh is calculated from measured concen-
trations and x is the EC or the concentration of Ca or K in water. In
order to linearize these equations, the ln-transformation in Eq. (1)
or log-transformation in Eq. (2) were applied to the data to obtain
the functions:
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lnðCRðxÞÞ ¼ lnðA2Þ þ b2$ðxÞ ¼ a2 þ b2$ðxÞ (4)
where a and b are the regression coefﬁcients (intercept and slope,
respectively) of the regression line. The linear regression approach
was used to calculate the 95% conﬁdence intervals (CI) for a and b.
The values a1 ¼ logðA1Þ from Eq. (3) and a2 ¼ lnðA2Þ Eq. (4) were
then back-transformed to:
A1 ¼ 10a1 (5)
A2 ¼ ea2 (6)
It can be assumed that b1 ¼ 1, if b1 is not signiﬁcantly different
from 1.
The equations derived using these data set were compared with
those reported by previous authors (see Appendix).3. Results
In the following text, average values refer to arithmetic means
(AM) unless otherwise stated.3.1. Chemical characteristics of the water
For each of the seven investigated sites the AM ± SD, minimum
and maximum observed concentrations of Ca, K, Sr, Cs, and values
pH and EC, for the water were calculated and are presented in
Table 3.Table 3
Themeasured concentration of Cs, Sr, K and Ca (mg/L) inwater, electrical conductivity (EC)
Values are calculated from the water samples described in Table 2. AM e arithmetical m
observed value, N e number of observation.
Element Lakes
Eckarfj€arden Bolundsfj€arden Fiskarfj€arden Fris
Cs (mg/L) AM 7.17E-03 1.38E-02 1.50E-02 3.51
SD 1.02E-03 1.22E-02 2.81
Min 6.00E-03 7.30E-03 3.24
Max 7.90E-03 3.21E-02 3.98
N 3 4 1 5
Sr (mg/L) AM 5.23Eþ01 1.07Eþ02 9.93Eþ01 3.93
SD 7.03Eþ00 4.63Eþ01 2.79Eþ01 4.49
Min 1.50Eþ01 7.10Eþ01 7.00Eþ01 3.20
Max 6.70Eþ01 3.53Eþ02 1.57Eþ02 5.00
N 110 85 20 159
K (mg/L) AM 2.01Eþ03 4.88Eþ03 4.10Eþ03 1.65
SD 2.74Eþ02 4.00Eþ03 8.44Eþ02 1.93
Min 7.30Eþ02 9.40Eþ02 3.02Eþ03 1.24
Max 2.86Eþ03 2.98Eþ04 5.60Eþ03 2.38
N 110 112 20 158
Ca (mg/L) AM 4.42Eþ04 5.09Eþ04 4.74Eþ04 7.75
SD 1.04Eþ04 1.42Eþ04 2.21Eþ04 9.19
Min 1.34Eþ04 2.34Eþ04 1.91Eþ04 6.20
Max 6.90Eþ04 1.07Eþ05 9.19Eþ04 9.90
N 110 112 20 159
pH AM 8.0 8.0 8.0 6.7
SD 0.7 0.5 0.8 0.3
Min 6.9 7.1 7.0 6.2
Max 9.3 9.0 9.4 7.8
N 73 115 17 96
EC (mS/m) AM 64 27 42 12
SD 49 5 12 2
Min 30 16 30 10
Max 287 43 67 27
N 73 115 17 963.1.1. pH and electrictical conductivity (EC)
The Forsmark lakes were generally slightly alkaline, with an
average pH of approximately 8.0 and maximum pH of >9 (Table 3).
The pH at the coastal sites in the Baltic Sea was quite constant, with
an average pH of 7.6e7.9. The EC was considerably higher in the
Forsmark lakes (mean 64 mS/m, maximum 287 mS/m; Table 3)
than in the majority of Swedish lakes (approx. 20 mS/m) (Sonesten,
2005). The most abundant ions in the lake water were the cations
Mg2þ, Naþ, Kþ, Ca2þ, Sr2þ and Liþ, and the dominant anions were
SO42, Cl, and Br (Sonesten, 2005). The EC at the coastal sampling
sites was higher, with means in the range of 824e1137 mS/m
(Table 3).3.1.2. Concentrations of Ca, K, Sr and Cs in water
The average concentrations of all four elements (Ca, K, Sr, Cs) in
water at the coastal sampling sites were considerably higher than
those of the lakes (Table 3, Fig. 2 and 3). There is a substantial
seasonal variation over the year in Ca concentration in all lakes in
the Forsmark area (Fig. 3a, c, e), with more than a ﬁve times dif-
ference between the minimum and maximum concentration
(Table 3). The K and Sr concentration in all lakes also varied by
season (Fig. 3, a-f). In all the lakes, there was a strong positive
correlation between [Sr] and [Ca] in the water (r ¼ 0.73e0.93), and
in the three Forsmark lakes a strong positive correlation between
[Sr] and [K] (r ¼ 0.75e0.95) was also found. From the available set
of water samples, a maximum of only 10 samples per study site had
[Cs] over the detection limit (Table 3). However, sufﬁcient data was
available at all but one site (Simpevarp coast) for calculation of AM
of [Cs] in the water and subsequent calculation of CRCs. Correlations
between Cs and other elements were not possible to evaluate.(mS/m) and pH inwater of the selected study lakes and coastal areas of the Baltic Sea.
ean, SD e standard deviation, Min e minimum observed value, Max e maximum
Marine
ksj€on Forsmark coast Simpevarp coast Simpevarp Borholmsfj€arden
E-02 2.83E-02 1.79E-01
E-03 1.25E-02 1.38E-01
E-02 1.60E-02 1.03E-01
E-02 5.26E-02 4.24E-01
10 5
Eþ01 1.07Eþ03 1.45Eþ03 1.18Eþ03
Eþ00 9.03Eþ01 6.61Eþ01 2.92Eþ02
Eþ01 6.48Eþ02 1.28Eþ03 2.40Eþ02
Eþ01 1.30Eþ03 1.61Eþ03 1.68Eþ03
149 141 162
Eþ03 5.44Eþ04 7.54Eþ04 6.00Eþ04
Eþ02 4.44Eþ03 4.09Eþ03 1.46Eþ04
Eþ03 3.24Eþ04 6.61Eþ04 1.13Eþ04
Eþ03 6.37Eþ04 8.77Eþ04 8.22Eþ04
149 141 162
Eþ03 7.33Eþ04 9.63Eþ04 7.90Eþ04
Eþ02 4.48Eþ03 5.30Eþ03 1.72Eþ04
Eþ03 6.17Eþ04 8.47Eþ04 1.98Eþ04
Eþ03 8.64Eþ04 1.14Eþ05 1.06Eþ05
149 141 162
7.6 7.9 7.6
0.2 0.2 0.4
7.3 7.1 6.6
8.2 8.5 8.3
120 141 99
824 1137 919
57 65 229
538 835 139
959 1260 1200
120 141 99
Table 4
The Cs and Sr concentration in ﬁsh muscle (mg/kg fw), biomagniﬁcation factor (BMF) and concentration ratio (CR) for muscle ﬁsh (L/kg fw). DC - dry content (% dry weight (dw)), N - number of ﬁsh samples, AM - arithmetical
mean, SV - single value, SD - standard deviation, GMe geometric mean, GSD - geometric standard deviation. Piscivorous ﬁsh aremarked in bold font. For every study site, CR values were calculated using the ﬁsh data given in this
table and the water values given in Table 3.
Site Common name N DC Conc. in ﬁsh (mg/kg fw) BMF Ref CR for ﬁsh (l/kg fw)
% Cs Cs Cs Cs Sr Sr Sr Sr Cs Sr Cs Cs Sr Sr Cs Cs Sr Sr
dw AM SD Min Max AM SD Min Max BMF AM/SV SD AM/SV SD GM GSD GM GSD
Lake
Bolunds- fj€arden Pike 1 19.8 33.7 257 A 4390 231 2.41 1.05
Ruffe 6a 18.9 11.7 57 2.9 4.5 A 1524 80 0.53 0.23
Tench 3 21 11.6 1.1 10.3 12.4 215 214 84 462 2.9 1.2 A 1509 168 2.02 0.88 1500 1.1 1.9 1.5
Eckarfj€arden Pike 2 20.4 35.6 1.6 34.5 36.7 259 48.2 224 293 A 4968 742 4.94 1.14
Roach 18a 18.6 9.9 149 3.6 1.7 A 1378 196 2.84 0.38
Tench 3 20.7 16.7 1.0 15.6 17.4 264 202 43 439 2.1 1.0 A 2325 357 5.05 3.92 2298 1.2 4.0 2.0
Fiskar-fj€arden Pike 5a 20.1 11.4 362 A 760 3.64 1.02
Roach 16a 21 3.4 903 3.3 0.4 A 228 9.09 2.56
Tench 3 20.4 5.8 0.7 5.1 6.4 194 150 103 367 2.0 1.9 A 389 46 1.95 1.61 386 1.1 1.5 2.1
Frisksj€on Perch 3 21.1 227.5 29.7 193.9 250 352 328 42.2 696 B 6474 991 8.96 8.42 6400 1.2 6.5 2.2
Roach 3 19.5 40.9 9.1 33.5 51.0 534 8.15 527 543 5.6 0.7 B 1163 275 13.60 1.57 1131 1.3 13.5 1.1
Marine
Simpevarp, Borholms-fj€arden bay Bleak 3 24.3 7.9 1.0 6.8 8.7 3086 1170 2041 4350 2.1 1.0 B 44 34 2.61 1.18 35 2.0 2.4 1.5
Bream 2 22 19.2 13.5 9.7 28.8 1650 280 1452 1848 B 107 112 1.39 0.42
Perch 3 23.1 19.5 4.2 15.8 24.1 99 14.4 89.2 116 B 109 87 0.08 0.02 85 2.0 0.1 1.3
Simpevarp coast Flounder 3 20.1 15.0 0.4 14.6 15.4 263 180 158 470 B 0.18 0.12 0.1 1.9
Herring 3 22.9 6.4 0.9 5.8 7.4 308 115 183 409 3.0 0.6 B 0.21 0.08 0.2 1.4
Forsmark coast Ruffeb 3 16 6.0 1.2 4.6 7.1 0.9 C 210 103 189 1.6
Roachb 3 16 3.4 0.1 3.3 3.5 1.5 C 119 53 109 1.5
Smeltb 3 9 5.2 0.2 5.0 5.4 C 183 82 168 1.5
A - (Hannu and Karlsson, 2006); B - (Engdahl et al., 2006); C - (Kumblad and Bradshaw, 2008).
a In order to gain enough sample matter the individuals were pooled together as one sample.
b Concentration of whole ﬁsh were analysed, while all other samples of ﬁsh muscle were analysed.
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Fig. 2. Concentrations in ﬁltered water of K, Ca, Sr, Cs (mg/L) in brackish coastal water of the Baltic Sea: Simpevarp Coast (sample codes: 9w, 10w) (a, b); Simpevarp Borholmsfj€arden
(sample codes: 7w, 8w) (c, d); Forsmark coastal area (sample codes: 5w, 6w) (e, f). Samples codes relate to Table 2.
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For each of the seven investigated sites and each type of ﬁsh, the
AM ± SD, minimum and maximum observed concentrations of Sr
and Cs in ﬁsh muscle were calculated and are presented in Table 4.
The mean concentrations for each lake species were
56.7e903 mg Sr/kg fw and 3.4e227.4 mg Cs/kg fw (Table 4). In
coastal ﬁsh, the maximum concentration of Sr was found in bleak
(4350 mg/kg fw), which was four times higher than the maximum
for a lake species, roach (903 mg/kg fw). In contrast, the maximum
detected Cs concentration in a coastal ﬁsh was measured in bream(28 mg/kg fw); this was one order of magnitude less than that
observed amongst lake ﬁsh, which had a maximum of 250 mg/kg fw
(perch) (see Table 4). The average Cs concentration in pike was a
factor of 3 higher than in roach and approximately factor of 2 higher
than in ruffe and tench samples from three study lakes of Forsmark
(Fig. 4), a similar factor difference as reported in Rowan et al. (1998).3.3. CRSr and CRCs for coastal and lake ﬁsh
For each of the seven investigated sites and each type of ﬁsh, the
AM ± SD and, where possible, GM ± GSD of CRSr and CRCs were
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Fig. 3. Concentrations of ﬁltered water of K, Ca, Sr, Cs (mg/L) in freshwater lakes: Lake Eckarfj€arden, (Forsmark area) (sample code: 3w) (a, b); Lake Bolundsfj€arden, (Forsmark area)
(sample code: 2w) (c, d); Lake Fiskarfj€arden, (Forsmark area) (sample code: 3w) (e, f); Lake Frisksj€on, (Simpevarp area) (sample code: 4w) (g, h). Samples codes relate to Table 2.
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Mean CRSr in piscivorous lake ﬁsh (pike and perch) were in the
range of 2.4e8.9 L/kg fw (n ¼ 11) and for non-piscivorous ﬁsh,
0.5e13.5 L/kg fw (n ¼ 52) (Table 4). The highest CRSr in roach was
13.6 ± 1.6 (n ¼ 3) in Lake Frisksj€on, which has a low Ca concen-
tration of 7.8 mg/L (Table 3). Mean CRSr in coastal ﬁsh was lower
and varied in the narrower range 0.1e2.6 L/kg fw (Table 4).
Mean CRCs for lake ﬁsh were in the range of 228e6474 L/kg fw,
and for coastal ﬁsh in the range of 44e210 L/kg fw (Table 4). The
same freshwater species (perch, roach and ruffe) were found in
both the lakes and the brackish coastal environment. For these
species, the calculated CRCs values were higher in the lakes than in
the coastal areas, and the difference was more than factor of 10
(Table 4).
These differences between CR for coastal and lake ﬁsh for bothCs and Sr (Fig. 5) may be due to the lower concentrations of K and
Ca, respectively, in lake water than in coastal water (Figs. 2 and 3
and Tables 3 and 4).
For CRSr, there was no statistical difference between piscivorous
and non-piscivorous ﬁsh, though this could be due to the limited
amount of data available for analysis (Fig. 5a). However, CRCs for
piscivorous lake ﬁsh was signiﬁcantly higher (2e5 times) than that
for non-piscivorous lake ﬁsh (one-sided paired t-test, p ¼ 0.03,
n ¼ 4) (Fig. 5b). The difference was also signiﬁcant when including
the coastal sites (one-sided test, p ¼ 0.04, n ¼ 6).3.4. Biomagniﬁcation factors (BMF)
There was no consistent pattern for Sr BMFs (Table 4). Only in
Bolundsfj€arden was there any indication of biomagniﬁcation of Sr
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0.040
pike
tench
Roach
Ruﬀe
[Cs] in fish (mg/kg fw)
Fig. 4. The AM ± SD of the Cs concentration in four different ﬁsh species (pike, tench,
roach, ruffe) in the three lakes Bolundfsfj€arden, Eckarfj€arden and Fiskarfj€arden of the
Forsmark area, Sweden.
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be viewed with caution as it is based on limited data (Table 4). For
Cs, BMFs were in the range 2e5.6 (Table 4). For coastal ﬁsh, there
was no biomagniﬁcation for Sr (BMF less than 1) and Cs BMFs of up
to 3 were estimated.3.5. Concentration ratio and the effects of water chemistry
3.5.1. CRCs of ﬁsh vs. [K] in water
There was a signiﬁcant (p < 0.001) inverse relationship between
the mean values of CRCs (all ﬁsh species and all sites considered)
and the mean [K] concentrations (mg/L) in water (Fig. 6a). The best
ﬁt relationship was the power function:
CRCsð½KÞ ¼ A1½Kb1 ; (7)
log-transformed to:Fig. 5. The AM ± SD of CRSr (a) and CRCs (b) for piscivorous andlog

CRCsð½KÞ

¼ a1  b1$logð½KÞ: (8)
Table 6 shows the values of the coefﬁcients a1 and b1, derived
from the linear regression analysis for three sets of CRCs (L/kg fw)
values, and the best ﬁt plotted in Fig. 6, as follows: 1) all 17 values of
non-piscivorous and piscivorous ﬁsh; 2) 11 values of non-
piscivorous; and 3) 6 values for piscivorous ﬁsh. The relationship
derived in previous study by Smith et al. (2000) (see Appendix, Eqs.
(1) and (2)) are plotted in Fig. 6b and c for comparison. The coef-
ﬁcient A1 (see Eq. (5)), correlation coefﬁcient, r, and p values are
shown in Table 6.
The mean coefﬁcient b1 was 0.77 (Eq. (8), Table 6, Fig. 6b) for
non-piscivorous ﬁsh, while for piscivorous ﬁsh, mean b1 was 1.07
(Table 6, Fig. 6c), indicating that CR values for piscivorous ﬁsh are
higher than for non-piscivorous ﬁsh.3.5.2. CRSr of ﬁsh vs. [Ca] in water
There was a signiﬁcant (p < 0.001) inverse relationship between
the mean values of CRSr (all ﬁsh species and all sites considered)
and themean [Ca] concentrations inwater (mg/L) (Fig. 7a). The best
ﬁt relationship was the exponential function:
CRSrð½CaÞ ¼ A2eb2$½Ca; (9)
ln-transformed to:
ln

CRSrð½CaÞ

¼ a2  b2½Ca: (10)
Table 5 shows the values of the coefﬁcients a2 and b2, derived
from the linear regression analysis, the coefﬁcient A2 (see Eq. (6)),
the correlation coefﬁcient, r, and the p value. The relationship be-
tween CRSr (L/kg fw) and [Ca] concentration (mg/L) in the water
(Fig. 7b) also compared well with the previous empirical relation
(Appendix, Eq. (7)) from Vanderploeg et al. (1975), and is plotted in
Fig. 7b for comparison. There was no obvious difference between
the CRSr - [Ca] relationship for piscivorous ﬁsh and non-piscivorous
ﬁsh (Fig. 7a, b).non-piscivorous ﬁsh species in lakes, bay and coastal area.
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Fig. 6. The AM of CRCs for piscivorous and non-piscivorous ﬁsh observed in this study
versus AM of K concentration in the water samples (a); comparison of AM ± SD of CRCs
values for ﬁsh muscle versus K concentration in the water with a previously derived
empirical relationship for CRCs - [K] (Smith et al., 2000) (b, c). Solid lines in all ﬁgures
represent the statistical approximation of the observed data e best ﬁt for: (a) both
piscivorous and non-piscivorous ﬁsh, (b) non-piscivorous only, and (c) piscivorous ﬁsh
only. Dashed lines in (b) and (c) indicate model of Smith et al. (2000) 95% CIs for perch
(piscivorous) (Appendix, Eq. (1)) and roach (non-piscivorous) (Appendix, Eq. (1)),
respectively. SD is not shown in a) to avoid cluttering the graph, but can be seen in b)
and c).
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EC is related to the Ca and K concentrations inwater, as it reﬂects
the amount of total dissolved salts, which in lake water are mainly
Naþ, Kþ, Ca2þ, Mg2þ, Cl and SO4 (Sonesten, 2005). In this study, a
signiﬁcant positive correlation was found between EC and [K]
(r ¼ 0.87), and between EC and [Ca] (r ¼ 0.99). There was asigniﬁcant (p < 0.001) inverse relationship between CRSr (L/kg fw)
and EC (mS/m) (Fig. 8a), as well as between CRCs (L/kg fw) and
EC (mS/m) (Fig. 8b), for all ﬁsh at all sites considered. The best ﬁt
equation was the power function:
CRCs or Srð½ECÞ ¼ A1$ECb1 ; (11)
expressed linearly after log-transformation as:
log

CRCs or Srð½ECÞ

¼ a1  b1$logðECÞ: (12)
Table 7 shows the values of the coefﬁcients, a1, b1 and A1, and the
p value, derived from the linear regression analysis. The inverse
correlation of CRSr with pH was moderate (r ¼ 0.6) and for CRCs
with pH it was low (r ¼ 0.2).
4. Discussion
4.1. Seasonal variation in lake water chemistry
The large seasonal variation observed concentrations of Ca, K
and Sr in the water of several lakes (Fig. 3) has a biogenic origin, i.e.
due to changes in CO2 (and, thus, pH) that result from seasonal
variation in primary production and degradation of organic matter
(Sonesten, 2005). In addition, lake Bolundsfj€arden and lake Fis-
karfj€arden show evidence of intrusion of Baltic Sea water
(Sonesten, 2005), as in these lakes elevated levels of all cations (e.g.
Kþ, Ca2þ) (Fig. 3c, e) are consistent with concentrations in the
brackish water of the Baltic Sea. In order to correctly deﬁne a range
of concentrations of these elements in the water, measurements
should be done several times during the year, preferably once per
month. The determination of these element concentrations in
water is important because it can be important for further calcu-
lation of CR for ﬁsh. Using single measurements (or average values)
of water concentrations may result in misleading CRﬁsh values,
since such measurements do not acknowledge the range of actual
concentrations found in the environment. For example, Sr water
concentrations in the lakes vary by up to a factor of 7 (Table 3, Fig. 3)
depending on season; thus, CRﬁsh values calculated from the min-
imum or maximum Sr concentrations would also differ by a factor
of 7. Instead, information about seasonal variation should be
incorporated into the CR calculations, for example by using the SD
of the AM, as done in this paper.
4.2. CRSr and CRCs and comparison with CR values based on
radioisotopes
The CRSr for lake ﬁsh were within the ranges reported by IAEA
(2010, 2014), but lower than those reported by Outola et al.
(2009) and by Buyanov (1976) (Table 8). However, in both cases,
the highest CRSr was observed in lakes with very low Ca concen-
trations; 1.2 mg/L (Outola et al., 2009) and 2.4e4.4 mg/L (Buyanov,
1976). The same was seen in this study where the highest CRSr in
roach was 13.6 ± 1.6 (n ¼ 3) in Lake Frisksj€on, the lake that has the
lowest Ca concentration (7.8 mg/L) (Table 3). Mean CRSr in coastal
ﬁsh were close to those reported for marine ﬁsh in IAEA (2004) and
Tagami and Uchida (2012, 2011) (Table 8).
The range of calculated values of CRCsmuscle fish for lake ﬁsh
(228e6474 L/kg fw) and coastal ﬁsh (44e210 L/kg fw) showed
similar values to previously estimated CRCs137whole fish values (HELCOM,
2009; Fesenko et al., 2011; Smith et al., 2000; Tagami and Uchida,
2012). It can, therefore, be concluded that stable Cs may be used
as an analogue for Cs-137, and vice-versa, for determination of CR
for ﬁsh, as long as its range of variation (e.g. SD), not just an average
value, is taken into account. A similar conclusion was reached by
Fig. 7. The AM of CRSr for piscivorous and non-piscivorous ﬁsh observed in this study
versus AM of Ca concentration in the water samples. The solid line represents the
statistical approximation of observed data for both piscivorous and non-piscivorous
ﬁsh (a); comparison of AM ± SD of CRSr for ﬁsh muscle versus Ca concentration in
water with a previously derived empirical relationship (Vanderploeg et al., 1975) (see
Appendix Eq. (7)) for ﬁsh muscle CRSr - [Ca]. The dash-and-dot line shows mean values
from this model and the dashed lines the 95% CI (b).
L. Konovalenko et al. / Journal of Environmental Radioactivity 160 (2016) 64e7974Tagami and Uchida (2011) based on Japanese environmental data
from 1960 to 1980. Likewise, the estimated values CRSrmuscle fish forTable 6
The lower conﬁdence limit (LCL) and upper conﬁdence limit (UCL) of 95% CIs and means
regression analysis for CRCs and [K] for all ﬁsh types combined (*), non-piscivorous ﬁsh
a1 b1
LCL Mean UCL LCL Mean
Cs* 3.27 3.58 3.89 1.17 0.89
Cs, non-pisc. 2.99 3.35 3.71 1.09 0.77
Cs, pisc. 3.55 3.97 4.42 1.44 1.07
Table 5
The lower conﬁdence limit (LCL) and upper conﬁdence limit (UCL) of 95% CIs andmeans o
linear regression analysis for CRSr in ﬁsh and [Ca] in water.
a2 b2
LCL Mean UCL LCL Mean
Sr 1.87 3.048 4.2 0.065 0.045lake ﬁsh (0.5e13.5 L/kg fw) and for coastal ﬁsh (0.1e2.6 L/kg fw)
were in agreement with previously reported values in IAEA (2010)
and IAEA (2004), respectively.
Mean CRCs for lake ﬁsh overlapped with published values
(Table 8). The highest CRCs values were found for piscivorous ﬁshes
(perch e 6474 L/kg fw and pike e 4969 L/kg fw) in lakes with lower
than average K concentrations in the water (1.6 mg/L in Lake Fis-
karfj€arden and 2 mg/L in Lake Eckarfj€arden, respectively). Mean
CRCs for coastal ﬁsh were comparable to CRs for Cs-137 reported in
HELCOM (2009) and IAEA (2004) and for marine ﬁsh in other areas
in the northern hemisphere (Table 8).4.3. Differences in element accumulation between piscivorous and
non-piscivorous lake ﬁsh and potential biomagniﬁcation
For CRSr, no biomagniﬁcation was detected and there was no
difference between piscivorous and non-piscivorous ﬁsh (Fig. 5a).
This is consistent with expectations, based on the literature
(Kryshev, 2006; Smith et al., 2000; Zhao et al., 2001). However, only
ﬁsh muscle was analysed for Sr, though it is known that Sr accu-
mulates in calcareous structures, such as bone. It would be useful to
collect whole ﬁsh stable Sr concentrations in order to test if non-
piscivorous ﬁsh, having higher percentage bones relative to
whole body, accumulate more Sr than piscivorous ones, as was
reported by Kryshev (2006) for CRSr90whole body.
Piscivorous pike had 2e3-fold higher Cs concentrations than
non-piscivorous ruffe and tench in most Forsmark lakes. A similar
difference has been observed in two lakes in Northern Finland,
where Cs-137 concentrations were threefold higher in piscivores
than in non-piscivorous ﬁsh (Tuovinen et al., 2013). The CRCs for
piscivorous lake ﬁsh was 2e5 times higher than for non-
piscivorous species (Fig. 5b). This is comparable values reported
by Smith et al. (2000), where the measured CRCs137whole body for fresh-
water perch was 2 times higher than for non-piscivorous ﬁsh and
BMFs were 1.2e4.2. Kasamatsu and Ishikawa (1997) and Zhao et al.
(2001) have also demonstrated the potential for biomagniﬁcation
of Cs-137 in marine predatory ﬁsh and estimated BMFs of 1.8e4.4.4.4. Relationship between CRSr and CRCs values and water
chemistry
The empirical inverse relationships derived in this study be-
tween CRCsmuscle and [K]water (Eq. (7)e(8)), as well as between
CRSrmuscle and [Ca]water (Eq. (9)e(10)), agreed well with previous
models for the radioisotopes and Cs-137 (Smith et al., 2009, 2000
(Appendix, Eqs. (1) and (2))) and Sr-90 (Kryshev, 2006 (Appendix,of the coefﬁcients a1, b1 and A1, and correlation coefﬁcients r, derived from the linear
only and piscivorous ﬁsh only.
A1 r P
UCL LCL Mean UCL
0.61 1881 3839 7838 0.87 0.00001
0.45 969 2225 5107 0.88 0.0004
0.71 3503 9547 26,021 0.95 0.0006
f the coefﬁcients a2, b2 and A2, and correlation coefﬁcients r, p-value, derived from the
A2 r p
UCL LCL Mean UCL
0.025 6.5 21 68 0.8 0.0002
log CRall(Sr) = 1.63-0.69log(EC)
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Fig. 8. Relations between water EC and CR for piscivorous and non-piscivorous ﬁsh muscle for Sr (a) and Cs (b).
Table 7
The lower conﬁdence limit (LCL) and upper conﬁdence limit (UCL) of 95% CIs and means of coefﬁcients a1, b1 and A1, and correlation coefﬁcients r, p-value, derived from the
linear regression analysis for CRCs or CRSr and EC for all ﬁsh types combined.
a1 b1 A1 r p
LCL Mean UCL LCL Mean UCL LCL Mean UCL
Sr 0.99 1.6 2.3 0.99 0.69 0.4 10 43 189 0.79 0.0003
Cs 3.7 4.3 4.9 1 0.8 0.5 5270 20,915 82,988 0.83 0.00004
L. Konovalenko et al. / Journal of Environmental Radioactivity 160 (2016) 64e79 75Eqs. (3)e(4))) and correlation coefﬁcients were similar to those
derived earlier by Outola et al. (2009) (Appendix, Eqs. (8) and (9))
for CRSr90muscle. Using these empirical equations, it should be possible
to estimate the range of accumulation of Sr in ﬁsh by measuring
the concentrations of Sr and Ca in the water, and for Cs in ﬁsh
using the concentrations of Cs and K in the water. Indeed, such a
method may be the best approach to use when site-speciﬁc CRSr
and CRCs are lacking (IAEA, 2010), rather than using literature
values that may not be appropriate for the site in question. The
empirical equation Eq. (10) derived in this study ﬁts the data
better for the measured CRSr for ﬁsh in water where [Ca] in water
is lower than 47 mg/L. However, for coastal ﬁsh, where [Ca] in
water is more than 50 mg/L, it can overestimate CRSr by up to one
order of magnitude. This is not surprising, since the relationship
was derived for freshwater CR, and is, therefore, mainly applicable
to limnic ecosystems.
Both CRSrmuscle and CR
Cs
muscle were also strongly inversely related to
EC, as expected, since EC was strongly correlated to [Ca] and [K].
Outola et al. (2009) determined a similar relationship for CRCs137muscle
for two freshwater ﬁsh types (Appendix, Eqs. (10) and (11)). Since
measuring EC is quick and cost-effective to do using a handheld EC
meter, it may be practical to take such measurements if it is not
possible to measure Ca or K concentrations in the water. This
method may minimize the analytical effort needed and, thus, be
ﬁnancially beneﬁcial and time-saving.
4.5. Recommendations for future sampling programmes
This study made use of existing data that were not collected
speciﬁcally for the purpose of this paper, but as part of a site
investigation project for a planned nuclear waste repository (SKB,
2011). In several cases, data analysis could have been greatlyimproved if extra, easily collected information had been recorded at
the time of sampling. For example, recording the size and age of
each ﬁsh sampled would have provided more data for analysis of
possible increases in Cs concentration with increased weight
(Kryshev and Rabov, 2000; Smith et al., 2000). Differences in ﬁsh
size (length and/or weight) and age probably explained part of the
overall variation in ﬁsh concentrations and CRs. For many ﬁsh
species (e.g. perch), diet changes with size and/or age, which has
important implications for accumulation and biomagniﬁcation of
radionuclides and stable elements. Concentrations of elements in
older ﬁsh will also reﬂect a longer period of accumulation of ele-
ments, inﬂuencing calculation and interpretation of CR and BMF
values.
For Sr, analysis of whole ﬁsh, as well as muscle samples, would
have been desirable, since Sr is known to accumulate in bone and
scales. It is common practice in contaminant and radionuclide
sampling to only analyse muscle tissue, since this is the part most
commonly eaten by humans. However, the ﬁsh itself will receive a
radiation dose from isotopes present in all its tissues (Johansen
et al., 2015), as will their predators (e.g., birds or seals). Although
muscle CR can be converted to whole body CR using literature
values (Yankovich et al., 2010), it is always more accurate to base
CRs on actual measurements.
More measurements of stable Cs concentration in piscivorous
ﬁsh are required for determination of separate empirical relation-
ships with water chemistry parameters for this group. Repeated
sampling to cover seasonal variation in water chemistry is also
desirable. Such improvements would enable a more accurate
determination of mean values and range of variation of CRCs, which
are used for risk assessment.
Table 8
Comparison of CR values of Sr and Cs for ﬁsh estimated in this study with those reported elsewhere.
Area CR this study (L/
kg fw)
CR values from other studies, range or
average (L/kg fw)
Notes Reference
Sr Lake 0.5e13.6 Range: 0.14e69
GM ± GSD:
2.9 ± 3.9
CRmuscle, Sr, Sr-90,
freshwater ﬁsh
IAEA, 2010;
GM ± GSD:
150 ± 6.6
CRwhole ﬁsh, Sr, Sr-90,
freshwater ﬁsh
IAEA, 2014;
Average ± SD:
1160 ± 670
359 ± 100
16 ± 7
CRmuscle, Sr-90, Finnish lakes
perch
roach
pike
Outola et al., 2009;
Range:
1710e4030
CRwhole, Sr-90, various ﬁsh (cisco, pike, perch, burbot, shallow-water cisco)
in lakes in the Kola Peninsula
Buyanov, 1976;
Sr Coastal 0.1e2.6 1 CRmuscle, Sr, marine ﬁsh IAEA, 2004;
3 CRwhole ﬁsh, Sr, marine ﬁsh IAEA, 2004;
Range: 0.15e190
GM ± GSD:
14 ± 3
CRwhole ﬁsh, Sr, Sr-90, marine ﬁsh IAEA, 2014;
0.7e7.9 CRmuscle, Sr-90, marine ﬁsh,
Sea of Japan
Tagami and Uchida,
2011, 2012;
Range:
1.5e4
1.1e3.4
0.23e6.4
CRmuscle, Sr-90, Baltic Sea
pike
Flat ﬁsh*
Round ﬁsh**
HELCOM, 2009;
Cs Lake 228e6474 140e15,000 CRwhole ﬁsh, Cs, Cs-137 freshwater ﬁsh IAEA, 2010;
Range: 13-82,000
GM ± GSD:
1600 ± 3.1
CRwhole ﬁsh, Cs, Cs-137, freshwater ﬁsh IAEA, 2014;
280e4000 CRmuscle, Cs-137, pelagic ﬁsh Fesenko et al., 2011;
90e14,424 CRwhole ﬁsh of Cs-137 for perch, roach and ruffe in 10 lakes in Russia, Belarus
and Ukraine
Smith et al., 2000;
50e100 CRwhole ﬁsh, Cs, marine ﬁsh IAEA, 2004;
Cs Coastal 44e210 Range: 5e1800
GM ± GSD:
48 ± 2.9
CRwhole ﬁsh, Cs, Cs-137,
marine ﬁsh
IAEA, 2014;
4.4e69 CRwhole ﬁsh, Cs-137,
Sea of Japan
Tagami and Uchida,
2012;
15e481 CRmuscle, Cs-137, Sea of Japan Tagami and Uchida,
2011;
26e169 CRmuscle, Cs-137, Sea of Japan Yamada et al., 1999;
75 ± 20 CRwhole ﬁsh, Cs-137,
Norwegian Sea
Heldal et al., 2003;
146 ± 68 CRwhole ﬁsh, Cs-137,
Kara and Barents Sea
Fisher et al., 1999;
87 ± 120 CRwhole ﬁsh, Cs-137 Hosseini et al., 2008;
Range:
310e602
63e160
35e206
CRmuscle, Cs-137, Baltic Sea
pike
Flat ﬁsh*
Round ﬁsh**
HELCOM, 2009;
Marine ﬁsh in HELCOM, 2009 have been grouped as follows:
*Round ﬁsh: herring, cod and whiting;
**Flat ﬁsh: ﬂounder, place and dab.
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 Seasonal variation in concentrations of Sr, Ca, Cs and K inwater is
large and CRs based on single measurements of water concen-
trations may, therefore, lead to biased estimation of CR values.
Instead, information about the underlying variation in water
concentrations should be incorporated into the CR calculations,
for example by using the SD of the AM, as done in this paper.
 The determined inverse empirical relationships between CRSr
for ﬁsh and [Ca] inwater, as well between CRCs for ﬁsh and [K] in
water, can be used for the estimation of site-speciﬁc CRs based
on measured Ca and K water concentrations.
 EC of water substituted in the derived empirical equations can
also be used to estimate site-speciﬁc CRSr and CRCs for ﬁsh
where data of Ca and K water concentrations are lacking. Since
EC is easy to measure, this method could be a cost-effective and
time-saving alternative. Piscivorous lake ﬁsh biomagnify Cs but not Sr.
 The CR for ﬁsh deﬁned for stable Sr and Cs can be used as proxies
for their radioisotopes.
 During sampling campaigns, we recommend that ﬁsh length
(and if possible weight) are also recorded, and that whole ﬁsh
and/or bone samples are taken if Sr is to be analysed. This would
greatly enhance our ability to interpret the data.Acknowledgements
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The data for all water and ﬁsh samples used in this paper were extracted from SKB's SICADA database. For transparency, the original sample ID codes are given below. Sample
codes used in this paper (Fig. 1, Table 2) and the equivalent codes in the original SICADA database.
Site Water sample code Fish sample code
This paper SICADA database This paper SICADA database
Lake
Eckarfj€arden 1w PFM000117 1f AFM000010
Bolundsfj€arden 2w PFM000107 2f AFM000050
Fiskarfj€arden 3w PFM000135 3f AFM000051
Frisksj€on 4w PSM002065 4f AFM000192
Marine
Forsmark coast 5w PSM000063 5f PFM007440
6w PSM000062 6f PFM007417
Simpevarp Borholmsfj€arden 7w PSM007097 7f ASM000202
8w PSM002062
Simpevarp coast 9w PSM002060 8f ASM100000
10w PSM002061Previously derived empirical equations to describe the rela-
tionship between CRﬁsh and water chemistry
Previous studies have also proposed empirical equations,
sometimes called models, that are statistically derived to calculate
the CR of Sr and CR of Cs for freshwater ﬁsh as a dependence on Ca
and K, respectively. These are listed below, for comparison for those
derived in this paper.
CR(Cs-137) vs. K concentration in water
Smith et al. (2000) determined the following relations to esti-
mate the CR of perch (piscivorous species) for whole ﬁsh:
CRCs137whole ¼
4800ðRange : 1780 7590Þ
Kþ
 ; (1)
and for roach (non-piscivorous species), whole ﬁsh:
CRCs137whole ¼
2390ðRange : 1740 3280Þ
Kþ
 (2)
where ﬁgures in brackets give the range 95% conﬁdence interval
(CI) in parameter estimates and ½Kþ (mg/L ww) is the potassium
concentration in the water.
CR(Sr-90) vs. Ca concentration or EC in water
The empirical relation for CRSr90whole (L/kg ww) of Sr-90 for whole
ﬁsh, all species combined and piscivorous and non-piscivorous ﬁsh
separately has been derived by Kryshev (2006):
CRSr90whole ¼
3940ðRange : 1770 6110Þ
½Ca (3)
Piscivorous ﬁsh
CRSr90whole ¼
4770ðRange : 3020 7520Þ
½Ca (4)
Non-piscivorous ﬁsh
CRSr90whole ¼
3420ðRange : 1180 5660Þ
½Ca (5)
where the numbers in brackets show the uncertainty range (95% CI)
and [Ca] (mg/L) is the calcium concentration in the water.
With regards to human risk assessment it may be more suitable
to use a model that can be utilized to determine the levels in themuscle of the ﬁsh (i.e. the edible part) as this would be more
important in terms of human exposure through consumption. The
following model for calculating CR of Sr for ﬁsh muscles has been
described by Vanderploeg et al. (1975):
CRSr90muscleðL=kgÞ ¼
181ðRange : 59 540Þ
½Ca1:2ð0:81:6Þ
(6)
and the simpler special case of the above eq. (6):
CRSr90muscleðL=kgÞ ¼
133ðRange : 77:6 231Þ
½Ca : (7)
where the numbers in brackets show the uncertainty range (95% CI)
and [Ca] (mg/L ww) is the calcium concentration in the water.
Outola et al. (2009) derived an empirical equation of CRSr90muscle as
a function of Ca concentration in water for pike:
ln

CRSr90muscle

¼ 7:79 0:21½Ca (8)
and for vendace:
ln

CRSr90muscle

¼ 3:59 0:21½Ca (9)
obtained for Finnish lakes with a low Ca concentration (2e9 mg/L)
in water.
The same authors (Outola et al., 2009) found that Ca and elec-
trical conductivity (EC) of the water have an inverse correlation
between CR and Sr-90 in ﬁsh and derived the empirical equation-
s:for pike
ln

CRSr90muscle

¼ 3:88 0:2½EC (10)
for vendace
ln

CRSr90muscle

¼ 6:58 0:2½EC (11)
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